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Abstract
The main challenges of wind energy conversion systems (WECS) are to maximize the energy capture from the wind and injecting
reactive power during the fault. This paper presents a current controlled matrix converter to interface Permanent Magnet Synchronous
Generators (PMSG) based WECS with the grid. To achieve fast dynamic response with reduced current ripples, a hysteresis current
control is utilized. The proposed control system decouples the active and reactive components of the PMSG current to extract the
maximum power from the wind at a given wind velocity and to inject reactive power to the grid. Reactive power injection during the
fault satisfying the grid-codes requirement. The proposed WECS has been modeled and simulated using PSCAD/EMTDC software
package.
© 2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
Wind power has become a rapidly growing technology as a source of power generation since it is being most
economical, clean and emission free technology. WECS are used to capture the energy available in the wind to convert
into electrical energy. Variable-speed wind turbine has a series of advantages; it increases the energy conversion
efficiency and reduces mechanical stress caused by wind gusts (Ofualagba and Ubeku, 2008). The gear box couples
the wind turbine to the generator causes many problems especially during faults and requires regular maintenance. The
reliability of the variable speed wind turbine can be improved significantly by using a direct-drive based on PMSG.
The PMSG has many advantages such as high efficiency, high power density, high power factor, low noise and easy
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Nomenclature
λopt optimal tip speed ratio
ωm, ωref actual and reference generator speed (rad/s)
β pitch angle
i the current error
H the hysteresis band width
id ref, iq ref the direct and quadrature current components of the PMSG
ir ref, is ref, it ref the reference values for the three-phase currents of the PMSG
Irated the rated current of the matrix converter
Q the active power fed to the grid
P the reactive power fed to the grid
R radius of the turbine
Vppc the voltage at the point of common coupling
Vw wind velocity (m/s)
Vd, Vq the direct and quadrature voltage components of the PMSG
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gVa, Vb, Vc the three-phase grid voltage at the PCC
ontrol (Yang et al., 2012; Inomata et al., 2013). These advantages rendered the PMSG to receive much attention in
ind energy application. Due to absence of the rotor windings, a high power density can be achieved, reducing the
ize and weight of the generator. In addition, there are no rotor winding losses which lead to a reduced thermal stress
n the rotor.
The main limitation of the traditional AC–DC–AC converter is the bulk DC capacitor used for energy storage. The
atrix converter does not require any intermediate storage element as the matrix converter provides a compact solution
or a four quadrant frequency converter. The key element of a matrix converter is the fully controlled four-quadrant
idirectional switch (Li et al., 2012; Haque et al., 2010), which allows high frequency operation (Kang et al., 2011;
eddy and Kumar, 2013; Jahangiri and Radan, 2013). Various modulation techniques for the matrix converter are
ntroduced in literature (Rodriguez et al., 2012; Youm, 1999; Marei, 2012). The Hysteresis Current Control (HCC) has
he advantage of its fast response and simplicity. The HCC is probably one of the most efficient techniques because of
ts fast response in controlling the current and inherent peak current limiting capability.
A maximum power point tracking is essential to determine the turbine speed to extract the maximum electric power
rom the wind (Howlader et al., 2013; Khajuria and Kaur, 2012; Sun et al., 2015; Mingming et al., 2014; Li et al.,
014; Tang et al., 2014; Abdullah et al., 2012). In addition, the pitch angle control is important to protect the turbine
rom damage (Khajuria and Kaur, 2012). The matrix converter controller should manage the grid-side quantities such
s grid-side reactive power to improve the system stability and power quality (Sun et al., 2015; Mingming et al., 2014).
he control system presented in Li et al. (2014) shows good and fast dynamic response in extracting maximum power
t various speed besides the fully controlled reactive power (Tang et al., 2014).
In this paper, a modified HCC technique is used for the matrix converter to reduce the current ripples of the injected
ower to the grid. The proposed control uses active and reactive parts of the PMSG current to increase the control
apability of the active and reactive power production at both the PMSG side and the grid side during variable speed
peration. Furthermore, a dynamic limiter is used to control the reactive power injected to the grid without exceeding
he rated current of the matrix converter. The pitch-angle controller is used to prevent exceeding the rated power of the
enerator at high wind speed by limiting the PMSG’s speed.
.  System  descriptionThis paper presents a comprehensive study for the dynamic performance of the gearless WECS based on PMSG
sing a matrix converter connected to the grid through LC filter in order to inject a pure sin wave shape voltage
nd current. The major components of the proposed WECS are the wind-turbine, the permanent magnet synchronous
enerator, the matrix converter, the proposed control system based on HCC, and the pitch controller.
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Fig. 1. Direct matrix converter configuration for PMSG grid interfacing.
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it refFig. 2. Block diagram of the proposed control strategy for the PMSG interface system.
The main advantages of the ac–ac conversion, shown in Fig. 1, in comparison with ac–dc–ac conversion are the
lack of dc-link capacitor and the lower output-current ripple and input-current ripple which results in smaller input and
output filter sizes. An input LC filter is used to eliminate the high-frequency components of the input currents to the
matrix converter which leads to sinusoidal source currents. Furthermore, at abnormal grid conditions, wind turbines
based on matrix converter should be able to provide appropriate reactive power to support the grid voltage which will
be presented in this paper.
3.  The  proposed  control  system
In the proposed control system, the maximum power operation of the wind turbine is achieved by keeping the tip
speed ratio to its optimal value λopt. The measured wind speed Vw is used to produce the generator speed reference
ωref (rad/s) according to the optimal tip speed ratio λopt as shown in Fig. 2. The generator speed ωm is controlled by the
matrix converter and will be equal to its reference in steady state, at which the MPPT is achieved. As for the selected
wind turbine, the optimum TSR is 6.3. The following equation is valid for the selected model:
ω =  λ Vw = 6.3 Vw =  0.252 V (1)ref opt
R 25 w
The indirect rotor field oriented control is used for the PMSG. The speed reference ωref, calculated from Eq. (1),
is limited by the maximum angular speed of the generator/turbine, 3.5 rad/s, which is correlated to wind velocity of
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4 m/s. A PI controller is used to regulate the speed of the generator/turbine, ωm. The output of the PI controller is the
uadrature current reference, iq ref, for the PMSG.
The Low Voltage Ride-Through (LVRT) controller assigns the value of the direct component of the stator current
ccording to the PCC voltage. At normal condition, where the PPC voltage is above 0.9 pu, zero current reference is
ssigned to the direct component of the stator current, id ref, to achieve maximum torque/ampere capability. The d-
nd q-components are applied to the Park and Clarke transforms to generate the three-phase reference currents for
he matrix converter, ir ref, is ref and it ref. The HCC, which is presented in Section 3.2, is utilized to control the PMSG
urrent by generating proper gate signals for the switches of the matrix converter. The following subsections present
he details of the proposed control technique for the PMSG interface system based on matrix converter.
.1.  Reactive  power  control
The objective of the MPPT controller for the wind energy conversion system based on PMSG is maximizing the
elivered active power at the point of common coupling (PCC). Furthermore, the proposed controller provides important
ervice such as injecting a limited amount of reactive power to the grid during faults. The d-component of the PMSG
urrent is utilized to manage the reactive power injected by the MC interface into the utility network.
As shown in Fig. 3 and according to grid codes requirement, the LVRT controller determines the pu value of the
-component of the PMSG, id ref, to control the reactive fed to the grid according to Vpcc. A dynamic limiter defined in
2) is used to set the maximum allowable value of the active power component during the fault.
iq ref =
√
I2rated −  i2q ref (2)
s id is controlled, the PMSG and grid reactive power is controlled. The reactive power of PMSG is equal to Vqid which
s directly proportional with id where the d-component of the terminal voltage of the PMSG is diminished, Vd = 0. At
ormal condition of the grid, id ref is set to zero to minimize the PMSG current and losses. However, because of the
igh reactance of PMSG, it draws reactive power even at id ref = 0, specially with increasing the wind speed.
.2.  The  hysteresis  current  control  of  the  matrix  converter
The matrix converter, shown in Fig. 1, is consisting of nine four-quadrant semiconductors connected in a matrix
onfiguration. In this configuration, any input phase can be connected to any output phase through three bidirectional
emiconductors connected to the three output phases. Each bi-directional switch is consisting of two semiconductors
onnected at their emitter terminals as shown in Fig. 4. One switch is called forward and the other is called reverse
witch. If the collector of the switch is connected to the input phase, it will be called forward switch. On the other
and, if the collector of the switch is connected to the output phase, it will be called reverse switch.
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Fig. 4. Single-phase matrix converter: 1 = forward switch and 2 = reverse switch.
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Fig. 5. The block diagram of the HCC for single-phase matrix converter.
There are two constrains for controlling the matrix converter, the first is to prevent the input terminals from being
short-circuited and the second is to avoid the output phases from being opened. The HCC was applied for the matrix
converter. The input three-phase voltages are divided into six 60◦ partitions based on the maximum value among three
line-to-line voltages. At any partition, the switches between one output phase and the three input phases are divided
into three groups: on-switches, off-switches and the hysteresis modulation switches.
The first group, off-switches, is controlled to be in the open state during the partition interval. These switches could
be determined for any partition by evaluating the three-phase input voltages at the grid-side. The phase with voltage
neither maximum nor minimum is not connected to the output-side during the partition.
The second group, hysteresis modulation switches, is controlled during any partition to allow the output current
to follow the reference current waveform. The two hysteresis switches could be determined at a specific partition by
considering the forward switch connected to input phase with the maximum voltage and the reverse switch connected to
input phase with the minimum voltage. The HCC, presented in Fig. 5 for single-phase of the matrix converter, is based
on a region detector and comparing between the output current and the reference current. The error is then compared
with the hysteresis band H  which controls the state of the two hysteresis modulation switches. If the error between the
actual and reference currents reaches the lower edge of hysteresis comparator, the forward switch is closed to increase
the output phase current and the reverse switch is opened to avoid short circuit on the input-side. Similarly, if the error
between the actual and reference currents exceeds the upper edge of hysteresis comparator, the reverse switch is closed
to reduce the current as it is connected to the lower input phase voltage.
The third group, on-switches, is closed to insure a path for the current to avoid spikes at the instants of interchanging
the hysteresis modulation switches. The on-switches are determined at a specific partition by selecting the reverse
switch of the highest input phase voltage and the forward switch of the lowest phase voltage.
For example, if a partition where Vab is the maximum input line voltage, the on-switches are Sa2 and Sb1, the
off-switches are Sc1 and Sc2 and the hysteresis modulation switches are Sa1 and Sb2. All the possible switching states
are shown in Table 1 for single-phase matrix converter. Similar switching states are used for the other two output
phases. As shown in Fig. 5, the phase voltage of the grid side is computed to determine the region. In addition, the
error currents are controlled to be adjusted within the hysteresis window according to the switching table orders.
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Table 1
Switching states for single-phase matrix converter.
Maximum input line voltage On Off i Hysteresis modulation
Vab Sa2 Sc2 >H Sa1
Sb1 Sc1 <-H Sb2
Vac Sa2 Sb2 >H Sa1
Sc1 Sb1 <-H Sc2
Vbc Sb2 Sa2 >H Sb1
Sc1 Sa1 <-H Sc2
Vba Sb2 Sc2 >H Sb1
Sa1 Sc1 <-H Sa2
Vca Sc2 Sb2 >H Sc1
Sa1 Sb1 <-H Sa2
Vcb Sc2 Sa2 >H Sc1
Sb1 Sa1 <-H Sb2
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.  Simulation  results
This section evaluates the dynamic performance and the effectiveness of the proposed control strategy, based on
ime-domain simulations using PSCAD/EMTDC. Different step changes of the wind speed are assumed, from 5, 8,
4 to 7 m/s as shown in Fig. 6(a), for this study. With the increase in wind speed, the MPPT controller calculates the
ptimum reference speed ωref, to extract the maximum power from the available wind energy. The proposed control
ystem managed competently to control PMSG speed operating point at different wind speed as shown in Fig. 6(b).
For any increase in the wind speed, the MPPT start to regulate the generator speed at optimum speed to produce
aximum mechanical power as shown in Fig. 7(a). Once the mechanical power increases, the mechanical torque
ncreases, as indicated in Fig. 7(b). At the moment of speed change, the speed regulator reduces the electromagnetic
oque to zero for maximizing the acceleration torque in order to regulate the generator speed at the optimum speed.
nce the generator speed reaches the optimum speed, the acceleration torque is vanished and the electromagnetic
orque counterbalances the mechanical torque of the turbine.
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Fig. 7. Torque performance at different wind speeds.Fig. 8. Mechanical and electrical powers of WECS.
At time t = 20 s, the wind speed raised above its rated speed (13.5 m/s). As a result, the pitch angle controller
is activated to limit the mechanical power of the turbine by regulating its speed at the rated value as indicated in
Figs. 6 and 8. This action protects the turbine from possible mechanical damage. It can be noticed from Fig. 8 that
the speed controller acts instantaneously as a compensator to the wind speed and adjust the reference q-axis PMSG
current. Therefore, the reference q-axis PMSG current component reaches to its limit setting, as illustrated in Fig. 9,
and the turbine power and speed tend to increase. Once the wind speed reaches its limit, the pitch controller takes
action and produces the new appropriate pitch angle, as shown in Fig. 8(b), where the reference q-axis PMSG reached
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Fig. 9. Current control of WECS.
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ts limit. The pitch controller is continuously adjusting pitch angle to keep the generator speed at its rated speed,
.5 rad/s. Fig. 8(b) portrays the active power delivered to the grid which follows the generated active power from the
MSG. The little difference between them is due to the small losses of the matrix converter and filter. It is noteworthy
entioning that the PMSG q-axis current component follows successfully its reference, while the d-axis is adjusted
o zero.
Fig. 10(a) indicates the fast response and accurate performance of the proposed HCC for the matrix converter where
he phase current of the PMSG tracks tightly its reference current. The phase current of the grid is shown in Fig. 10(b).
t can be noticed that the input and output currents of the matrix converter are sinusoidal with a Total Harmonics
istortion (THD) less than 5%, which is allowed according to the IEEE standards 519. Fig. 11 explores the reactive
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Fig. 11. Grid reactive power performance at various wind speed.Fig. 12. Performance of the proposed system under reduced grid voltage.
power injected to the grid at id ref = 0. The reactive power is increased with the increase of the wind speed or the extracted
power from the turbine. Increasing id ref at a given wind speed, increases the reactive power injected to the grid, as will
be illustrated in the next scenario.
The last scenario is dedicated to evaluate the proposed reactive power injection of the PMSG interface system based
on matrix converter. At wind velocity of 9 m/s, the PCC voltage is hypothetically reduced gradually from the rated
value, at t  = 11 s, to 0.5 pu, at t = 15 s, as indicated in Fig. 12(a). According to the E.ON grid-code, the renewable energy
resources are required to be connected to the grid during faults and supply reactive power to assist the voltage stability
(slideshare, 2013). At 0.5 pu voltage dip, the interface system should supply reactive power to the grid with the rated
capacity of the PMSG. Depending on the reduction of the PCC voltage, i is determined, as discussed in Section 3.1,d ref
to control the reactive power injected to the grid as shown in Fig. 12(b) and (c), respectively. Once the rated current of
the matrix converter is reached, the controller reduces iq ref by the dynamic limiter to avoid exceeding the rated current
of the matrix converter, as illustrated in Fig. 12(d). It is noted that the reduction in iq ref affects the injected reactive
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ower. This action is due to the coupling between the dq-components of the PMSG current and the grid voltage. The
orresponding active power is portrayed in Fig. 12(e). It is worth mentioning that the reduction in active power results
rom the reduction in the PCC voltage and the active power component of the PMSG current, i∗q. The results show
he advantages of the proposed control interface system which include the simplicity, effectiveness, and fast transient
esponse.
.  Conclusion
This paper presented a high performance current control strategy for matrix converter based wind energy conversion
ystem equipped with PMSG. A MPPT controller is designed to determine the optimum speed that results in extracting
he maximum power from wind at different wind velocities. It has been shown that the proposed method has a good
ynamic response by controlling the generator speed with under wind velocities lower than rated value. At high wind
elocities, where the generator speed exceeds its rated value, a pitch angel controller is utilized to regulate the speed
nd limiting the extracted power from the turbine. Moreover, the proposed control of the matrix converter satisfies the
rid-codes requirement of feeding a controllable reactive power proportional to the reduction of the grid voltage. The
njected reactive power of the turbine depends on the d-component of the PMSG current and the extracted active power
hich is proportional to the generator speed. The simulation results of the proposed interface system demonstrate
ts effectiveness and fast transient response under different wind speeds. Furthermore, the reactive power feeding
apability of the proposed interface system is demonstrated under different PCC voltage levels. The model of the
roposed interface system can be used for investigating the dynamic interactions between variable-speed WECS and
he grid.
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